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A 6-year climatology of cloud occurrence frequency from
Stratospheric Aerosol and Gas Experiment II observations
(1985-1990)

Pi-Huan Wang,! Patrick Minnis,? M. Patrick McCormick,? Geoffrey S. Kent,!
and Kristi M. Skeens!

Abstract. A 6-year climatology of subvisual and opague cloud occurrence frequencies
is established using observations from the Stratospheric Aerosol and Gas Experiment
(SAGE) II between 1985 and 1990. The subvisual clouds are observed mostly at high
altitudes near the tropopause. The opaque clouds terminate the profiling, reducing the
measurement frequency of the SAGE II instrument in the troposphere. With its 1-km
vertical resclution, the climatology shows many interesting features, including (1) the
seasonal expansion and migration behavior of the subvisual and opaque cloud systems;
(2) the association of the zonal mean cloud frequency distributions with the tropospheric
mean circulation (Hadley and Ferrel cells); (3) the tropical cloud occurrence that follows
the equatorial circulation, including the Walker circulation over the Pacific Ocean; and
(4) the overall higher cloud occurrence in the northern hemisphere than in the southern
hemisphere. The radiative impact of subvisual clouds is estimated to be a 1-W m™
reduction in outgoing longwave radiation. The maximum overall effect is a nei positive

cloud forcing of 0.5-1 W m™? in the tropics. During the 1987 El Nifio-Southern
Oscillation (ENSO), cloud frequency was generally enhanced in the tropics and mid-
latitudes and reduced in the subtropics and high latitudes. The present study shows a
distinct negative correlation between the high-altitude-ctoud occurrence and the lower
stratospheric water vapor mixing ratio in the tropics, providing intrinsic evidence on the
delicate connection between the stratospheric-tropospheric exchange and dehydration

processes and the high-altitude cloud activities.

1. Imtroduction

Clouds play important roles in the hydrological cycle and
climate of the Earth [c.g., Chahine, 1992; Liou, 1992: Hobbs,
1993]. They increase the global albedo, significantly reducing
the absorption of solar radiation and the emission of longwave
to space [e.g., Ramanathan et al., 1989]. Clouds also change
horizental and vertical distributions of radiative heating with
subsequent impacts on global circulation. A complete descrip-
tion of clouds is not a simple matter. It requires information on
their location, size, duration, and occurrence frequency, as well
as their optical properties, including particle size distribution,
composition (or refractive index), and particle shape. A
detailed set of such information is still far from complete. This
is particularly the case for high-altitude thin cirrus clouds
[Sassen et al., 1990; Gayet, 1992]. Considerable efforts have
been devoted to understanding the behavior of clouds in recent
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years. Research programs such as the International Satellite
Clond Climatology Project (ISCCP) [Schiffer and Rossow,
1985; Rossow and Schiffer, 1991], the First International
Satellite Cloud Climatology Project Regional Experiment
(FIRE) [Cox et al., 1987], the Experimental Cloud Lidar Pitot
Study (ECLIPS) [World Meteorological Organization, 1988;
Platt et al., 1994], and the International Cloud Experiment
(ICE) [Ansmann et al., 1991] have been put forth with great
effort to improve the information on cloud systems. In
addition, information on the global distribution of total cloud
cover and amounts of cloud types have recently become
available [Warren et al.,, 1986, 1988; Stowe et al., 1989;

Rossow and Schiffer, 1991; Wylie et al., 1994]. The objective
of this study is to develop a new climatology of cloud occur-
rence frequency based on the solar occultation observations of
the Stratospheric Aerosol and Gas Experiment (SAGE) 11,
The SAGE II observations have provided new cloud
information in recent years [e.g., Wang et al., 1994a; Liao et
al., 1995a, b; Kent et al., 1995a; Wang et aol., 1995a}.
Woodbury and McCormick {1983] first used a simple method
to identify ¢loud events to study cloud distributions based on
SAGE I data [see also Woodbury and McCormick, 1986].
Later, this method was employed by Chiou et al. [1990] to
investigate clond statistics using SAGE I measurements.
Generally, clouds sensed by the SAGE II instrument can be
grouped into two categories according to the 1-wm extinction
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coefficient of the ohserved clouds. The first category classifies
clouds having extinction coefficients within the measurement
limit of the SAGE Il instrument. The second category classi-
fies clouds having extinction coefficients beyond the instrument
measurement limit. The present study combines the techniques
for detecting both types of clouds and applies them to the series
of SAGE II observations. In this presentation, the features of
the SAGE II instrument relevant to cloud detection are de-
scribed in section 2. The definition of SAGE II cloud parame-
ters is discussed in section 3, followed by an analysis of the
cloud frequency climatology in section 4. Section 5 is devoted
to discussion. A summary is presented in section 6.

2. Relevant Features of SAGE 11

The SAGE II instrument is a seven-channel radiometer. It
uses the solar occultation technique to provide two measure-
ments per orbit, one during spacecraft sunrise (when the
satellite instrument emerges from the dark side to the sunlit
side of the orbit) and another during sunset (when the instru-
ment enters the dark side from the sunlit side of the orbit).
These seven channels are centered at 0.385-, 0.448-, 0.453-,
0.525-, 0.600-, 0,940, and 1.02-um wavelengths. The Earth
limb transmission measurements from these channels are used
to determine the vertical profile of stratospheric ozone, nitro-
gen dioxide, water vapor, and the aerosol extinction coefficient
at 0.385-, 0.453-, 0.525-, and 1.02-um wavelengths. Under
favorable atmospheric conditions such as nonvolcanic, cloud
free, and optically thin clouds, measurements from channels at
the four fonger wavelengths also provide tropospheric data,
especially the 1.02-um channel (due to the lower relative
molecular attenuation at these wavelengths) [Kent et al.,
1995b]. The SAGE II sensor aboard the Earth Radiation
Budget Satellite (ERBS} has been operating since October
1984, The orbital characteristics of ERBS are such that the
SAGE II sunrise measurements provide a latitudinal coverage
of approximately 135° in about I month. The two latitudinal
extremes of the measurements vary with the season. With a
90-min orbiting period, the 15 SAGE II daily sunrise measure-
ments are distributed almost evenly in longitude, with a small
latitudinal shift between successive events. These sampling
features are also true for the SAGE II sunset measurements.
Poleward of about 55°N-55°8, no samplings are available
during the boreal/austral winter. The field of view of the
instrument is specified by a coverage of 0.5 km (in the vertical)
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by 2.5 km (in the horizontal) at the limb tangent point. By
assuming a spherically symmetric atmosphere, the SAGE II
retrieval process generates spatially smoothed data character-
ized by a volume with a height of 1 km, a width of 2.5 km, and
a length of about 200 km. Mauldin et al. [1985] and
McCormick {1987] describe the SAGE I measurement charac-
teristics, while Chu ef al. 11989] detail the SAGE 1I data
inversion process. Wang et al. [1994a] have discussed in detail
the constraints on the SAGE II cloud observations.

The schematic diagram (Figure 1) of the 1-pm extinction
coefficient measurement range of the instrument illustrates the
characteristics of the SAGE II cloud detection. The upper
measurement limit of the SAGE II extinction coefficient
(1.02 pm) is about 2 X 1072 km™!. Under nonvolcanic
conditions {e.g., 1989), the level of aerosol extinction coeffi-
cients is about 2 X 10°* km™'. Thus clouds with extinction
coefficients between 2 X 1074 km™! and 2 X 1072 km™! are
measurable by the SAGE II sensor. For clouds having extinc-
tion coefficients greater than the SAGE II measurement limit,
the transmitted signals drop below the SAGE II sensitivity
threshold, resulting in termination of the cloud profile at an
altitude corresponding to this upper limit. These clouds are
referred to as SAGE II opaque clouds. Figure 1 also displays
the cirrus cloud classification of Sasser and Cho [1992] in
terms of cloud optical depth at about 0.7-um wavelength. Note
that the extinction scale in Figure 1 is approximately the optical
depth scale for 1-km-thick clouds. Therefore, according to
their cirrus cloud classification, SAGE II opaque clouds
generally include all types of clouds (having optical depth
greater than ~0.02), and the SAGE II measurable clouds
correspond mostly to the subvisual cirrus clouds [Wang et al.,
1994a]. Note that the class of thin cirrus clouds of Sassen and
Cho [1992] is shown as part of the SAGE II opaque cloud
category (Figure 1). Clearly, the presence of SAGE II opaque
clouds reduces the measurement oppottunities of the SAGE 11
instrument in the troposphere [Wang, 1994].

The eruption of Mount Pinatubo (15.14°N, 120.35°E) in the
Philippines on June 15, 1991, produced the largest volcanic
impact to the stratosphere ever observed by satellite instru-
ments [McCormick, 1992]. The greatly enhanced aerosol
loadings immediately following the eruption prohibited the
SAGE II instrument from reaching below an altitude of about
20 km during the first several months after the eruption
[McCormick et al., 1993). This condition is improving slowly
with time [Wang et al., 1994b], and therefore the present work
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Figure 1. The measurement range of the SAGE 11 1-um particulate extinction coefficient. The classification

of cirrus clouds is based on Sassen and Cho [1992].
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of a cloud climatology includes the 6-year SAGE I observa-
tions prior to the eruption, from 1985 to 1990. The analysis of
subvisual clonds and the analysis of opaque clouds will be
treated separately in the present investigation.

3. Definition

The definition of the opaque cloud frequency has been given
by Wang et al. {1995b] in detail. We will summarize their
analysis method and extend the investigation to subvisual
clouds. Let N, be the total number of SAGE II overpasses
within a given geographical area during a certain time period
and N,,(z) be the number of measurable events that occurred in
a 1-km-thick SAGE II layer centered at an altitude of z.
Because only these measurement events N, {z) at z are able 1o
reach the next lower layer centered at z - 1, a general relation-
ship between the number of measurements at two adjacent
arbitrary layers can be summarized in the expression

N (2) = N(z-1) = N (z-1) + N'(z-1) 1

where Niz-1) indicates the total number of SAGE II samples
that occurred in the layer centered at z - 1, and N,,(z-1) and
N7(z-1) are the number of SAGE II measurable and opague
cloud events, respectively, that occurred in the same layer.
The upper boundary condition is simply given by N, = N(z} =
N, z) + NP(z) at the highest layer where SAGE II observations
encountered opaque cloud(s). These measurable events N, (z-1)
can be further divided into aerosol measurements N,(z-1) and
subvisual cloud events N7 (z-1). Therefore we have

N (2) = Ne-1) = Nz-1) + Ne-1) + Nz-1) @)

The occurrence frequency of the SAGE II subvisual and
opaque clouds at an altitude z can be defined as

Nl’
i = @ x 100% 3
N(@)
and
NO
@ = 22 00w @
N(Z)

respectively, because there are ¥ *(z) subvisual cloud events
and N.°(z) opaque cloud events in the total number of N(z)
samples occurring at the layer centered at z. The total cloud

frequency is simply given by the sum of f*(z} and f°(z). Wang

et al. [1995b] have also discussed the upper and lower bounds
of the frequency estimate according to the assumptions of
measurable clouds or opague clouds for the portion of the total
SAGE II overpasses (N,) that failed to reach the layer centered
at z owing to the presence of opaque clouds at higher altitudes.
Similar upper and lower bounds can also be formulated for the
subvisual clouds based on these assumptions.

The 1-pm extinction coefficient that separates aerosols and
subvisual clouds (Figure 1) depends on the aerosol loading in
the atmesphere. Unfortunately, the atmospheric aerosol
loading exhibits significant spatial and temporal variabilities,
particularly after volcanic eruptions [e.g., Kent et al., 1995b].
For this reason, the suitability of using a single extinction
coefficient as a reference to distinguish clouds from aerosols is
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questionable. Recently, a new method was developed for
separating aerosols from clouds based on SAGE II extinction
coefficient measuremnents at 0.525 and 1.02 pm [Kenr ef al.,
1993]. Because the ratio of extinction coefficients at two
different wavelengths contains information on particle size, the
usage of SAGE Il measurements at 0.525 and 1.02 um
strengthens the ability to separate aerosol and cloud data,
Because the 0.525-um SAGE II measurements do not reach
below 6.5 km due to strong Rayleigh attenuation, the subvisual
cloud analysis in the present study is limited to altitudes above
6.5 km.

A comparison between the 1986 SAGE II opaque cloud
observations and the 1952-1981 cloud climatology of Warren
et al. [1986, 1988] showed an agreement within 20% in the
tropics, with the mean SAGE II frequency greater than the
surface observation {Wang et al., 1995b]. In that study, the
1986 SAGE II data were integrated to match the vertical
resolution of the 1952-1981 climatology. Because the SAGE II
analysis counts the cloud of a given layer independently, it is
possible that a cloud may have been counted more than once if
the depth of the cloud covers more than one contiguous layer.
Although it ts possible for the surface observation to miss the
occurrence of high- and middle-level clouds when low-level
overcast is present, the surface analysis attempts to account for
higher clouds in low overcast conditions using a best estimate
technique [Warren er al., 1986). The occurrence frequencies
in the SAGE II and surface data sets may also differ because of
discrepancies in the year and times of day that were sampled
and because of differences in the field of view (horizontal
resolution), The SAGE II observations may have a smaller
probability of seeing a given cloud than a surface observer due
to the satellite instrument’s 2.5 X 200 (km?) horizontal resolu-
tion as compared with the resolution of a diameter of 45-90 km
of a surface observer [Warren et al., 1988].

4. Results

In order to infer the 6-year zonal mean cloud frequency
distribution, the SAGE II data are binned into 10° latitudinal
bins centered at -70°, -60°, and so forth up o 70°. To
examine the seasonal behavior of the cloud frequency distribu-
tions, the 6-year SAGE 1l data are further grouped according
to season in the zonal mean distribution analysis. To investi-
gate the zonal variability to cloud occurrence, SAGE II data are
grouped into bins of size 10° latitude by 24° longitude. The
24° increment in longitude matches the longitudinal separation
of two adjacent SAGE II samples. To study the cloud temporal
variations, time series of the occurrence are constructed from
seasons of individual years from 1985 to 1990. Because the
data acquisition of the SAGE II instrument includes two
specific modes, the sunrise and the sunset samplings, the
differences in cloud frequency between sunrise and sunset
observations are examined.

4.1 Zonal Mean Distributions

The 6-year zonal mean distributions of cloud occurrence
frequency of the SAGE II subvisnal and opaque clouds are
displayed in Figure 2. Subvisual clouds (§VCs) occur most
often just below the tropopause. A maximum in the mean
frequency distribution of about 45% is found at 15 km near the
equator, At middle and high latimdes, the SVCs reveal a range
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2. Six-year averaged zonal mean distribution of the
SAGE II (a) subvisual and (b) opaque cloud occurrence
frequency. The dashed lines indicate the tropopause.

of frequency up to about 20%. The SVCs appear slightly more
often at the northern midlatitudes than at the southern mid-
latitudes. The occurrence of SVCs extends to about 3 km
above the mean tropopause altitude in the tropics and at the
middle and high latitudes.

The vertical distribution of the SAGE II opaque clouds (OC)
is quite different. The frequency decreases gemerally as
altitude increases, except in the tropics where the frequency
shows a local maximum of about 15% at an altitude of 13 km.
The OC occurrence is less than 5% above the tropopause.
Latitudinally, the distribution shows three favorable major
regions for OC development. One is located near the equator,
and the other two are high latitudes centered at about 60°N and
60°8. The results also show higher cloud frequency in the
northern hemisphere than in the southern hemisphere. While
the cloud system in the tropics is related to the deep convective
activities in the Intertropical Convergence Zone (ITCZ) the
cloud occurrence at the middle and high latitudes is presumably
associated with frontal systems, especially in the northern
hemisphere. The 1952-1981 cloud climatology of Warren er
al, [1986, 1988] indicates that cirrus and stratus clouds are the
main components at northern high latiudes. The former cloud
type occurs most often near 60°N, while the latter peaks near
75°N during sunlit months [Warren et al., 1986, 1988]. In the
subtropical regions above about 4 km, the mean distributions
show relatively infrequent (< 10%) OC occurrence. Dimin-
ished SVC frequency is also evident in the same subtropical
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regions. These subtropical regions are known for intrusion of
dry air from the stratosphere. They correspond well with
regions of low atmospheric humidity [e.g., Manabe et al.,
1965; Von de Berg et al., 1991]. In general, the distribution of
the zonal mean frequency in Figure 2 is consistent with the
tropospheric mean circulation (Hadley and Ferrel cells) [see
also Wang, 1994]. In the mixing layer at altitudes below about
3-4 km, Figure 2 shows high frequency of the SAGE II OCs,
up to 50-70%.

4.2 Seasonally Averaged Zonal Mean Distributions

By grouping the 6-year SAGE II data according to season,
the seasonal variations of zonal mean cloud occurrence may be
examined. As shown in Figure 3, the tropical maximum in
both types of SAGE I clouds moves from about 5°N in
March-April-May (MAM) to about 10°N in June-July-August
(JJIA). This cloud maximum remains more or less at 10°N
during September-October-November (SON), followed by
shifting to about 5°S in December-January-February (DJF).
The latitudinal movements of the tropical maxima are in
concert with the seasonal shift of the ITCZ. The cloud
occurrence in the subtropical regions also has a distinct
seasonal variation, with the maximum frequency in local
summer and the minimum during local winter. Similar
seasonal features can be found in the cloud climatologies based
on surface observations [Warren er al., 1986, Figure 7; 1988,
Figure 11], Nimbus 7 cloud data [Stowe ef al., 1989, Figures
16 and 17], and data from the high-resolution infrared radiation
sounder (HIRS) [Wylie et al., 1994, Figure 2]. This subtropi-
cal seasonal variation is particularly clear for the SAGE Il
opaque clouds and is indicative of enhanced descending air
motion in the subtropics during winter, consistent with the
seasonal behavior of the stratosphere-troposphere exchange
processes inferred from lidar backscatter measurements
[Menzies and Trart, 1995]. Because there are no data poleward
of about 55° during local winter, the results of the 6-year zonal
average at high latitudes above 55° (Figure 2) will be slightly
biased toward the summer season. Note that elevated land
surfaces contribute to the more frequent low clouds in the
northern midlatitudes compared with the southern midlatitudes,
owing to the relative proportions of land and ocean in the two
hemispheres. Clear skies over higher-altitude land surface may
be mistaken as low clouds. Because the results in Figure 2 are
zonally averaged quantities, the surface influence on the mean
cloud frequency should be minimal.

4.3 Longitudinal Variations

The altinde-longitude distributions of the 6-year mean cloud
occurrence are displayed in Figure 4. In the tropics, clouds
occur most often over the western Pacific Ocean, Micronesia,
central Africa, and the northern part of South America. The
maximum (~70 %) occurrence frequency for SVC is located at
an altitude of 15.5 km over Micronesia. A peak in the OC
frequency of about 40% is shown near 12.5 km over the same
area. The OC frequency is less than 5% at altitudes above
about 5 km over the eastern Pacific Ocean. The SVC fre-
quency is also minimal in this region. The longitudinal
distributions in the tropics are generally consistent with the
cloud pattern associated with the equatorial circulation,
including the so-called Walker circulation over the tropical
Pacific Ocean [Peixoto and Oort, 1992; Wang, 1994].
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Figure 3. Six-year seasonally averaged zonal mean distribution of the SAGE II (a) subvisual and (b) opaque
cloud occurrence frequency. The dashed lines indicate the tropopause.

At 20°N, the results show OC frequencies as great as 10%
in the upper troposphere over South China, northern Africa,
and the eastern Pacific Ocean and Mexico. Over these regions,
the SVC frequency is about 20-30%. At 20°S, the occurrence
of OCs is generally less than 5%, except over central South
America and the central Pacific Ocean. SVC occurrence is
more frequent, over 20%, in these longitudinal sectors than in
the others. In the midlatitudinal storm belts (50°5 and 50°N),
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the longitudinal distributions are relatively uniform compared
with those in the tropical and subtropical regions. Compara-
tively, the cloud occurrence distribution at the northern
midlatitudes reveals more longitudinal structure than that in the
southern midlatitudes, At 50°N, the results below an altitude
of about 7 km show generally higher OC frequencies between
140°E and 360°E than from 0°E to 140°E. This feature may
be related to the ocean-land geography in the midlatitudinal
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Figure 4. Altitude-longitude distributions of the SAGE 11 (a) subvisual and (b) opaque cloud occurrence
frequency at different latitudes. The dashed lines indicate the tropopause.
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Plate 1. Latitude-longitude distributions of the SAGE II (a) subvisual and (b) opaque cloud occurrence fre-

quency at different altirudes.

region. Near 50°N, the Earth surface in the longitudinal
sectors between 0°E and 140°E and between 60°W and 120°W
is covered almost entirely by land. The surface at the remain-
ing longitudes is mostly ocean.

The latiude-longitude distributions of cloud frequency are
presented in Plate 1. At altitudes of 14.5, 16.5, and 18.5 km,
SVCs show organized geographic frequency distributions, with
the local maxima centered over Micronesia, central Africa, and
the northern part of South America. A similar feature is shown
in the geographic distributions of the SAGE II OCs at 12.5- and
14.5-km altitudes. At lower altitudes (<10.5 km), the OCs are
more abundant in the midlatitudes than in the tropics.

4.4 Seasonal Variations of the Longitudinal Distribution

The seasonal variations of the altitude-longitude distributions
of the SVCs are presented in Plate 2. Although the seasonal
mean longitudinal distributions generally resemble those of the
6-year mean (Figure 4a), some distinct seasonal variations are
evident, particularly in the subtropics. In the northern subtrop-

ics (10°N-30°N), subvisual clouds occur most often during
summer followed by a decline in fall. The favored locations
for SVC are centered over southeastern Asia and India, and
Mexico (see also Plate 1a). A similar seasonal cycle occurs in
the southern subtropics (10°5-30°5), with a maximum during
the austral summer. The areas having the most frequent SVC
occurrences include the South Pacific Convergence Zone,
South America, southern Africa, and Australia. Around the
equator, SVCs occur more often during the transitional seasons
than during the extreme seasons. At middle and high latinudes
(30°=70°), the seasonal variations appear to be less intense
than those in the tropics and subtropics.

The corresponding seasonal variability in the SAGE I OC
occurrence is shown in Plate 3. In the subtropics (10°-307),
there is an increase in cloud occurrence during spring and
summer and a decrease during fall and winter. In the tropics,
the OCs occur more often during the equinoxes than during the
solstices. At the northern middle and high latitudes
(30°N-70°N), the results show an increase in OC occurrence
below about 8 km from winter to spring. During summer when
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Figure 2.
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Figure 2.
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the troposphere expands vertically by about 1 km, the OC
diminishes slightly. The OCs occur less frequently at all
altitudes between 30°N and 70°N during the fall. The seasonal
variability in the southern middle and high latitudes
(70°5-30°8) mirrors the variations in the northern middle and
high latimdes. The OCs occur more often during the austral

spring and summer than other seasons. Although the winter
disturbances due to long waves in the southern hemisphere are
less intense than in the northern hemisphere, the enhanced
longitudinal variations of the OC occurrence in winter are
noticeable. Such a seasonal variation in the longitudinal
distribution is also evident in the subvisual clouds. The
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Figure 5. The error estimate of the seasonal variations of the latitude-longitude distributions of the SAGE Il
subvisual cloud occurrence frequency at different altitudes.

maximum in both subvisual and opaque clouds centered near
130°E in the tropics is relatively constant during all seasons,
with a slight shift to the west during SON.

These seasonal variations can be seen more clearly in the
latitude-longitude distributions of SVCs displayed in Plate 4 for
altitudes 13.5, 15.5, and 17.5 km. Figure 5 shows the associ-
ated sampling distributions. At 17.5 km, clouds over central
Africa and northern South America gradually intensify during
boreal fall and winter, to a maximum value during spring. A
rapid decrease occurs between MAM and JJA. Conversely,
the cloud system at 17.5 km over Micronesia intensifies during
SON and DJF and declines in MAM. The system appears to
vanish during boreal summer with the concomitant appearance
of SVCs over India and South China. At 15.5 km, the tropical
SVC system over northern South America is relatively stable
throughout the entire year, except during JJA when the SVC
system shifts o Mexico. While declining during JJA, the
SVCs over central Africa move northward by about 10°-15°.
The SVCs reappear over central Africa during SON and move
farther south as the cloud system intensifies during DJF, The
SVCs then return to central Africa during MAM. As noted
earlier, the SVCs over Micronesia (~120°E over the equator)
at 15.5 km are generally stable throughout the year. There is

some expansion to India and southern China accompanied by
intensification during JJA. The center of these SVCs then
shifts southeast to Indonesia during SON and DJIF. At 13.5
km, the results indicate the spread of the SVC systems into the
midlatitudes. Whereas the occurrence frequency of the SVCs
at 13.5 km is less intense than that at 15.5 km, their seasonal
behavior, including migration and expansion, are generally
similar. The SVC system over India and South China during
summer coincides with the intense convective activities during
the Indian summer monsoon season. Over the western tropical
Pacific Ocean, the results show the highest frequency (~80%)
of SVC during JJA and the least (~30%) during DJF. This
seasonal variation is particularly distinct at 13.5 km.

Seasonal variations of the OC at altitudes of 10.5, 12.5, and
14.5 km are displayed in Plate 5 with the corresponding
sampling patterns in Figure 6. While the occurrence of OC is
generally less frequent than that of the SVC, the OC and SVC
seasonal behaviors are similar. This similarity is especially
true for the seasonal variations of clouds associated with the
Indian summer monsoon and the seasonal migration of the
cloud systems over Africa and northern South America. The
same seasonal features are also evident in the climatology of
high-altitude clouds of Warren et al. [1986, maps 176-179],
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Plate 5. Seasonal variations of the latitude-longitude distributions of the SAGE II opaque cloud occurrence
frequency at different altitudes.
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Figure 6. The error estimate of the seasonal variations of the latimude-longitude distributions of the SAGE 11
opaque cloud occurrence frequency at different altitudes.

Stowe et al. [1989, Figure 6], and Wylie er al. [1994,
Figure 1].

4.5 Temporal Variations

The time series of the SVC and OC seasonal means derived
from individual years between 1985 to 1990 are presented in
Plate 6. The most pronounced seasonal variations of both
SVCs and OCs occur at altitudes near the tropopause. The
seasonal peak occurs during early summer in the subtropics and
during the boreal winter months in the tropics. Consequently,
the tropical clouds are more or less in phase with the variations
in the southern subtropics and out of phase with those in the
northern subtropics. In the midlatitudes, the seasonal peak at
the highest levels (near the tropopause and above) takes place
in early summer, in concert with the seasonal tropopause height
variations. At 10 km, the SVC maximum appears in early
spring, except in the southern hemisphere. At lower altitudes,
seasonal changes in cloud frequency are less apparent, except
in the lowest layers at northern midlatimdes. There, OCs
occur more frequently during winter and spring than during
summer and fall. Variations in the columnar integrated
frequency were computed in order to explore possible trends in
the data. The results show no apparent trends in the total cloud
frequency from 1985 to 1990.

The mean difference in the frequency of cloud occurrence
between sunset and sunrise SAGE II samples is illustrated in
Figure 7. At altitudes near the tropopause, the SVCs occur
more often during the sunset period than during the sunrise
period. The examination of the SAGE II cloud data at highest
altitudes by Chiou et al. [1990] and Kent et al. [1995a] showed
similar variations. At lower altiudes, the sitation is reversed,
with a higher frequency of SVCs during the sunrise period,
especially in the tropics. The OCs are observed more fre-
quently during the sunrise period than during the sunset period
in most regions, except in the tropics and subtropics between
approximately 8 and 14 km. There, OCs occur more often at
sunset. By using a statistic ¥ test, the main differences (around
most local maxima and minima) are shown to be significant at
the 95% level. The differences at altitudes below about 5 km
in the OC case are even more significant.

5. Discussion

The SAGE II cloud analyses provide a unique perspective on
the vertical structure of global cloudiness that complements
other cloud climatologies. Surface observations typically
repart only those clouds that are unobscured by lower clouds.
Most satellite analyses only sample the uppermost clouds,
yvielding a bias opposite that of the surface observer. It is
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Figure 7. Difference in the cloud occurrence frequency be-
tween SAGE Il sunrise and sunset observations (sunset minus
sunrise) for (a) subvisual and (b) opaque clouds. The dashed
lines indicate the tropopause.

difficult 1o determine from satellite imagery how deep a cloud
extends into the atmosphere regardless of its optical depth.
While SAGE II cannot directly provide values for cloud
fractional coverage or determine the layering of clouds under-
neath optically thick (t > 0.03) clouds, it does indicate how
often a cloud occurs in a given layer for all levels unobscured
by higher clouds. Thus these SAGE II analyses provide new
information about the vertical structure of subvisual cirrus
clouds and reveal, for the first time, the seasonal and geo-
graphic variability of high-altitude subvisual clouds and their
relationship to opaque cloudiness.

5.1 Uncertainties in Occurrence Frequencies

Uncertainties in the derived cloud frequency arise from three
major factors, including the sampling rate and distribution
dictated by the solar occultation technique and the sampling
volume imposed by the instrument. The sampling rate deter-
mines directly the total population of the measurement in space
and time, while the sampling distribution governs essentially
the capability of the observation for resolving fine structures in
space and time. The sampling volume determines the spatial
coverage of the measurements.

The error in the derived cloud frequency over a given region
during a specific period is inversely proportional to the number
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of observations. As examples, Figures 5 and 6 show the
uncertainties associated with the data population used in the
cloud frequency analysis displayed in Plates 4 and 5, respec-
tively. In general, the uncertainty in the cloud frequency
decreases as altitude increases, consistent with the reduced
sampling size at lower altitudes due to the presence of opague
clouds in high altitudes. At lower altitudes, the error distribu-
tions resemble the paterns of the OCs. Because Figures 5 and
6 are the distributions of the total measurement population, they
can be applied to both SVCs and OCs.

Regarding the error associated with the constraint in
sampling distribution, as indicated in section 2, the solar
occultation technique repeats its measurements at a given
latitude with a frequency of about a month. Thus the SAGE 11
observations do not contain information concerning changes in
cloud distributions with shorter frequencies. For this reason,
the derived seasonal cloud frequency could be biased. Quanti-
fying this type of bias is very difficult. Clearly, the bias is
unlikely to be determined based on SAGE II observations
alone. To provide an estimate, one must use data with higher
sampling frequency from different observational systems. In
the present analysis, the cloud-frequency bias is examined
based on the standard deviations in the total cloud amount
compiled by Warren et al. [1986, 1988]. In the tropics, the
bias estimate for a grid of 10° X 24° with two sampling points
per season is about 8% over 6 years (six individual seasons).
At midlatitudes (40°-50°), where the SAGE II sampling
opportunity is about 1 order of magnitude better [McCormick,
1987], the estimate shows a typical seasonal bias over the
ocean between 2% and 3% in the northern hemisphere and
about 3% in the southern hemisphere. The estimate at northern
midlatitudes over land is between 3% and 4%. These potential
regional biases will be significantly reduced if averaged over
large areas.

The uncertainty related to the constraint in sampling volume
of the satellite instrument is perhaps more severe than that
associated with the sampling rate and distribution, particularly
because of the constraint of a 200-km sampling length
(section 2). In the present paper, the SVCs have been defined
as those with optical depths less than approximately 0.02-0.03
(Figure 1). This standard definition [e.g., Sassen and Cho,
1992], when applied to the SAGE II data, requires some
critical assumptions. The SAGE II extinction saturation limit
of about 0.02 km™ is based on the assumption that the observed
cloud extends over the entire 200-km path length of a 1-km-
thick layer. In such cases, the optical depth of the cloud in the
vertical direction might be some value greater than 0.02,
depending on the actual total length of the cloud elements in the
SAGE II 200-km path length. The exact optical depth limit
T, for a given case is roughly equal to 0.02 X 200 (km) + C
where C is the total length of the cloud elements in the SAGE
I path length. For example, if C = 1 km, 1, = 4. Thus the
possible range in optical depths for these subvisual clouds is
approximately 0.02-4. As a result, it is probable that some
fraction of the subvisual cloud occurrences corresponds to
visibly detectable cirrus clouds. The mean extinction coeffi-
cient for the subvisual clouds in the SAGE Il data set is about
0.008 km™' [Wang et al., 1995a], which corresponds to a mean
optical depth range of 1.6-0.008 for cloud length (C) varying
from 1 to 200 km, respectively.

Liao et al. [1995a) also performed an analysis of SAGE II
clouds for comparison with the ISCCP high cloud amounts.
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Plate 6. Time series of the (a) subvisual and (b) opague cloud occurrence frequency in the tropics and at mid-
latitudes. The dashed lines indicate the tropopause. The color scale is the same as in Figure 2.

The ISCCP analysis technique can detect clouds with optical
depths as low as 0.1 under certain conditions. Using defini-
tions for cloud occurrence, extinction, and amount different
from the present analysis, Liac et al. [1995a] deduced that
ISCCP and SAGE II high cloud amounts could be matched if
it is assumed that only values of the extinction coefficient (k)
greater than about 0.008 km™' correspond to clouds and C =
75 km for Az = 2.5 km. It has not been shown conclusively
that the true mean value of C is 75 km, especially with regard
to the SVCs. However, it appears to be a reasonable value
considering that it converts to a cloud amount of 37.5% and
that the average cirrus amount-when-present from surface
observations [Warren er al., 1986, 1988] is 38.1%. Using C
= 75 km and k = 0.008 km™! yields t = 0.021 for Az = 1
km, a value within the standard SVC definition. From Wang
et al. [1995a], it is clear that almost 70% of the unsaturated
extinction coefficients are less than 0.008 km™'. The mean
extinction coefficient for the SVCs in the SAGE II data set is
also 0.008 km™, indicating that the mean optical depth for the
SVCs corresponds to the Sassen and Cho [1992] definition. If

the SVCs are limited to those clouds having t < 0.03 and C =
75 km, then based on the results of Wang et al. [1995a],
approximately 80% of the observed SVCs truly correspond to
the actual SVCs. The remaining 20% would be marginally
subvisual and may still be difficult to detect from the surface
and more conventional satellite analyses.

The SVC definition also assumes that the cloud extends over
the entire 1-km layer corresponding to the SAGE II measure-
ment. The exact vertical extent of the observed cloud is
unknown due to the resolution of the measurements. Therefore
the actual optical depth relative to the vertical is likely to be
less than the reported value, further increasing the probability
that a given SVC has t < 0.03. The cloud frequencies in each
layer are reported independently of other layers. Thus, if a
particular cloud occupies more than one contiguous layer, it
will be reported for each layer in which it occurs. Summing
the optical depths for the contiguous layers may increase the
total optical depth beyond the threshold for subvisual clouds.
This effect may not be particularly important since the physical
thickness of the SVCs can exceed 4 km [Sassen and Cho,
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1992, Given these caveals and assuming that e Lige of al.
[19954] value is rcasonable, it is concluded char most of the
S¥Cr ohserved by the SAGE I instrument fit the standard
definition of the 5VTs and are unlikely ta be oheerved by
surface observers or most meteorological satellile sensors.

All of the OC occurrences fit the given definition. The
actual pumber of ocourrences may be slightly biased based on
the earlier discussion concerming the true cloud path length and
the 8VCs. Any overcstimane of the SVCe is balanced by 2
correspanding underestimate of the OCs. As noted earlier, the
frequency ol ocoummrenee ol e OO will be overestinaid m
tower levels over regicons confaining land fzatures above 1 km.
The overestimation will depend on the fraction of the region
corduiming land wla given level.

5.2 S¥VCsand OCS

As shown in Figores 2-9 and Plaes 1-9, there iz close
correspondence between the SV and the upper-level O in
terms of emporal and spalial palieros of chadlioegss,  The
spatial parerns in the 5%C (Plawe lay are also very similer o
the transmissive ¢loud probabilities derived by Wilie er gl
(19947 nsing HIRS datn, The apparent stromg cougling
sugpests that most subvisual clondiness might be derived from
active siorm centers and deep convestion or from their cicms
outflowr.  The cenvective mechanism is the most obvics for
forming high-aldmde clonds between 15 and 20 km in the
tropics. Following the onser of convection, sufficient water
vapor should be available for lirming chind parbicles, espe
cially at such low wmperanures newr die tropupsuse gs the lifled
air spreads in the upper layers. The light winds ar those
allituddes i the tropics will stowly mix the maist air with the
drier sir, possibly preducing melatively long lived clouds.
Protably most ¢louds that reach the highest altinudes (> 15 ko)
are frean the active centers of the deepest comvective clouds
[e.e., Demietsen, 19524, b, 1993]. Thus there is a maximzm
in tropical 5V Cs around 15.5 ki that Eminishes by a Factor of
2 o mere at 18.5 km.

The makimwn O occars between 12 and 15 km, for
example, Figure 2. Ahamy F1993] Tound dal dre fiactiouoal
coverage by deep convertive ¢louds in the wopics deercascs by
a factor of 2 or more a8 cloud top althuds increases from 15 km
iy higher altitudes,  Lhere may be fewer 8VOS nhserved at
12.5 kmm than at 14,5 ki becawse the greater oceurrence of OCs
at. thnse altitudes diminishes the opporunitics for e SVC
either to o oo o be rhserved. The optically thick high
elouds obeerved by Lhang [L%93 ] uver the ognes (4175 20°N)
displaved a distinctive seasonal patern thart peaked during
Ianuary, A similar seasonzl pattern is nat well defined in the
OC variations in Plate 6. However. e SVCs betwvesn 1078
and 10°N undergo a seasonal cvcle with peak values around
JTamuary, previding additienal confirmation of the correspon-
dence between deep coavection and SVE sccurrence.  This
correspondence i also evident ul e diurmal scade.  In
Figure 7, the evendng maxima in high-altimude $%C3 coincide
with the evening peaks in OCS at slightly lower levels.

Al (e Trighest fevels in the topics, the SVCs are confined
primarily o e convective ceolers with liede hoczontal
spreading (Plate 13), These high levels (> 18 km) may be
Incated alwwve the Incal wopopanse, resotiing 10 a rapid dissipa-
ton of the clouds m the diler stratosphesic aie. Between 14
and 1B km, there is a relatively sharp frequency gradicnt in the
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SYC comours berween the wopics and mrilabmdes, presum-
ahly conforming to the trapopause heighis (Plae 13). Some
SVCs persisl in he suntropics at altitudss berween 10 and
14 km, although they diminish signifieantly below 12 km,

In many instances, especially in the midlagmdes, freguend
ocenrrences nf SWCs are evident above the mean wopopause
{e.g., Figure 23, Hecause the tropopause can vary by several
kilometers abont the moan zonal valee, it canoot be concluded
that all of tve SVCs above the mean wopopause altinde were
in the strawsphere. Moat of the midlatiude 5VOs probably
occtr within the mopusphere wud are associated with dishur-
hances alonye frontal boundaries. o cyclonic sysems. cirmus
gloads ocour in the upper levels of warm sector ait masscs
having tropopause heights that are generally grester than the
mean. Thus, if midlatitude 5¥Cs are the provursurs of visible
cirmus in warm fromts, then they prohabdy origina in the vpper
rcaches of the warm secior of the ttopasphere. They moay sater
the seratcsphere as part of e vochuded air masses or throvgh
tropopause folding events.

That scenaro is comsistent with the variations in the mean
SV relatdve maxima norlh of 20°M. The maxina occar o he
east of the anmual average positions of the v mest distanetive
200-hPa troughs centersd alanp de east coast of the Unied
Stares and Asis [Forr, 1983]. The axes of these maxima follow
the mean 200-hI" heighia zastward w the ridges. For example,
in Plate 1a ar 10.5 km, an S¥C maximum extcnds from
spproximately 33°M, I60°F to 40°N, 120°W.  Similarly,
another rolative SVE maximuin extends from about 30N,
FO*W to 50°N, 0° longitude. The one pruminent midlaptode
relative maxinmm at 125 km in the poethern hemisphere also
owcurs erileast of the mean rough position near the sast coast
of the Uniced Stuies. West ol Uie inean ridge locations over the
TUnited States and Asian west coasts, the $VCs are relatively
infrequant. A mean trough-and-ridee stroctute is not well
defined over Europe and Asia, oonsistent with the diffuse
namre of the SV maxima over Europe and most of Asia,
Although the mean annual 200-hPa heighes are almost zopal in
the southern hemisphere [Gors, 1983], there is 2 minor
ridgeftrough alony he west/east coast of South America, The
relafive maxima weswoast of the ridgefirough are similar o
those around the United Statcs.

U i= Kkely chat 8V Cs are not all dirsetly formed as part of
the same sysieind goueratug OCs. As shown in Figures 2-6
and Plates 1-6, the frequency of SYCs is abour 2 1o 3 rimes
thal af the high-altimde OCs, while they are formed over more
or less the sarne: general geographic areas. The differences in
the horizemal coscrage (Plare 1) and the lifedames of the these
two types of clouds may account for much of the observed
frequency dillerences, However, some of the S¥Cs may form
in simu due o slighe lifting of ioarginaily saturated air
[Heymsfield, 1993]. Tunher iovestigations arc necded for o
defizdtive conclhesion regarding the mechanismiz) controlling
the in sim fommadon of 8YCs. Nevertheless, the correspon-
dence of the 5VC to dmes and locatons favorable o the cirrus
forration ix ot swprising. It provides evidenee thar SVCs are
relpied either directh or fudirectly to the development of
ardinary cirrus cleuds or cumnuluoiobus anvils.

5.3 Triormal Variations

The dusual changes in the OC clonds are consistent with
other saellite-derived cloud data . For example, Minms and
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Farrson [1984] found an LA LT Jocal time} maximum i
bigh clouads ever land orea where deep convection predomi-
nwed. The diurnal phase varied for high clouds over other land
arcas. Although hiph cloud maxima occnrred at a differemt
time of day nver ncean areas, most of marine high cloudiness
peakel during the alternoon amd evening according @ the
Minnis and llarrisom smadizs.  Thus the pronounced evening
OC maximum near 13 kna in the ropics is prohably deminated
by the deep convecton arising froe solar ealing of the Jand
surfsves of the Armweon Hasin, cemral Africa, and the marinme
contnent, The minimal evening high-altimde OC maxima in
the subtregrics and midlatitedes are probably domisaped sither
by the weuk ocean afternoon peaks or by spring-summer decp
convesrion over the land areas.

The evemtng maxicra in (he high-altitude 8¥Cs probably
resull from he sumne processes driving the OC dngrnal varda-
dons. The relative miniem ower the tropics at 8 km is
probably due 1o obsguration Iy or the presence of the OC
clouds ab or abnve 9 km during the afternoon.  (verall, the
magndudes ol the SVC vuriations are slightly greater than ot
equal o the OC diumal changez. Relative 1o their overall
frequency, however, the (17 diurnat ranges al a given altitude
sres lurger thoo the correspenling SYC divmal changes. The
morning maxima in the OC bebow 5 km are probably due e the
strong dinrnal cycles in marine stratocumulus and in stratus and
altosteatus over many land areas [e g., AMinnis and Horrison,
1484].

5.4 Radiative Effects of SV(s

Subvisual cloudinesz is generally not a consideration in mest
climace sinulations or caloudacoms of radistive transler in the
apnosphene, The weeragy optival depth o visible wavelengths
is small. Ilowever, the frequent nccurrenze of SVCs, particu-
larly in the teopics, ealls fior an psessent of the potential
impact of $VCs vn be radiation budger. ‘To estimare these
efferts. it i3 assumed thal the SV particles are ice spheres
with a thean effective radios of 1 um and an effective variance
of 1 [Heymsteld, 1993; Wang e el 19954], Mie scattering
calenlacions yield an eatioetion cilicieney of 2,28 at a wave-
icngth (A) of 0.65 pm. The cxtinction efficiency is 01.335 at
A = 10.8 um. These wavelengths were selected becanse e
are used for ranxote sensing umd ure close W averuge valoe for
the broadband shortwaye (0.2-50 pm) amd lompwave
{5-50 pm) apectra [z.p., Minnis et al, 1993]. The mean
visthle oprical depth af .021, extimated for the 3V, converts
w0 (L0031 fur L = 108 o,

The greatest longwave ¢ffeets from SVCs should accur in
the tropics for cold clouds over the hodest hackgromnids, A
typical clear-sky longwave flux cver the trupical veeans is
295 W m'%. Assuming a cloud temperamre of 200 K, the
cloud cmited irradianes is 91 W m % Using a diffusivity

factor of 1.66 yields an effective lomgwave opttenl depth of

0.0052. A sonple radiative transier celouladen produces a
longwave flux at the 1op of the atmosphere of 285.9 W™ for
the clear scene with the mean SVC overheadt,  Thus, on
average. when a subvisual cloud is present in otherwise clear
skics, the ourgoing longwave flux will be reduced by
=1 W m'2  This decrease diminishes for small contrasts
hetween (e SVO amd (e bockeround lemperatures. A
10, B-pn radizoes for a clear seeme with an effective blackbody
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temperature ul 295 K would be reduced by only 3.1-0.2 K for
vicwing 2cnith angles berween 0° and 457,

The 5VC sffects on shortwave albede were conapuled with
the method of Fi nd Lioe [1994] over a tropical ocean
backpround to roaximize the impact. For clear skies, the
albedes are 0.0870, 0.100R, and 0.133] ai solac zenith angles
0°, 457, and 70", respeciivaly. The mean 8V increascs the
respective albedus by only U.0002, 0.0003, and 0.0023, These
results indicate a minimal impact on albedo that is beyrnd the
level of detection for mest nadir-viewing passive Laylrutnenls.
At a solar zenith angle of 457, the mean SVC increases the
albedo by 0.5 fur the dark clear ocean. Over any other
surface such as Jand or clouds, the net change will be smaljer.
If the maxirmum trnpact is considered on o 24-lwour busis, the
average S¥L will increase w rellected solar encrgy by
~0.5 W m™2. Because of the greater longwave effect, the
mean maximum change in the wop-of-the-stmosphere net flux is
+0.5 W om ? for 2 I-kmthick eloud.  Uhicker $VC3 will
produce greater warnning. ‘Uhis value will be smaller, how-
ever, Tor SVCs over other backgrounds and for ponovercast
SVC conditions. Tn summary, thess estimates iodicate that the
SV(s can produve a net wurming of the Eamth-ammosphers
svscern that ts similar in magnimde, but oppesite in sipn, to the
dircen foreing esdmated for anthropogenic tropospheric aerosols
[MeCormick et ol | 1945,

5.8 Stratesphere-Troposphere Exchange and Dehydration

The formation of high-altinide clouds has a very imponiant
implication for the stramspliere iruposphere exchange (STE)
and dehyvdration proceswes |v. g, Kuseell e gh, 1993: Holton ef
al., 1933, It is well csiablished that the dry stratosphere is
maintained try the passage of tropospheric ar thoough the cold
tropopause [e.g., Newelf amf Ceold-Stewars, 1981; More et of.,
15996). Also, the zonal-temporal averaging vields an upwand
wanspon of mopospheric afr inte the tropical stratosplere and
it wrnpensuling downward wanspott of steatospheric air into the
troposphere at extratropical latimdes. The thermal effect of
this eddy-driven mean zonal circulabon is v nuintain the
empesamre it the exiratropical atmoesphere above radiative
equilibrium and w keep the wmpcramre in the topics helow
radiatve equilibrium [e.g., Aolton, 19901, The zonally
averaged rropical tropopause temperatures yre ol cold enough
wr dehydoae air 4o the observed lower siwatespheric water
vapor mixing rato, Therefore the tropospheric air thal couid
encer the stratosphere in the Iropics must be conlined to areas
where ilie fropapause temperamre i3 close 10 the Fost point
necessury o remove moisre, By amalyzing avatlable tenspera .
ture data at HO0 mbar in the wopics, Newell and Canalel-Stowart
[1981] identified the western tropical Pacific Ovean, northern
Austealia, Micromesin, and the Bay of Bengal 2nd India as the
appropriale regions where air emers the strarosphere.  The
months from Movember tn March are the faverable period Lor
the STF processes to lake place over the western tropical
Pacific ey, northern Ausmalia, and Micronesia, while the
sumct monsoan is the favorable time over the Bay of Rengal
and [ndia.

Recause the (urmation of clouds and precipitation is essential
ltr removing moiswre, regions favorable for the cobid (rap
dehydration mechaoism must coincide with lucatiuns having
intensive vhoml activides, Indesd, the places and Gmes having
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SAGE II Water Vapor Mixing Ratio (1986-1990)
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Plate 7. Seasonal water vapor distributions at an altitude of 19.5 km derived from SAGE II observations from

1986 to 1990.

the coldest temperatures [Newell and Gould-Stewart, 1981] are
consistent with the areas and seasons of frequent high-altitde
clouds of the 6-year SAGE II cloud climatology (Plates 1, 4,
and 5). To further substantiate the connection of the STE,
dehydration, and high-altitude clouds, the seasonal water vapor
distributions at an altitude of 19.5 km are derived from the
SAGE Il observations, as shown in Plate 7. Readers are
referred to Chu et al. [1993] for a detailed description of the
SAGE II water vapor measurements, The altitude of 19.5 km
was chosen for the illustration because it is in the stratosphere
and close to the tropical tropopause. This choice is made also
for minimizing the effect of clouds on the water vapor distribu-
tion analysis, which is known for interfering with the SAGE 11
water vapor measurements [Chu ef al., 1993]. As anticipated,
the regions with lowest water vapor concentration (<3 parts
per million by volume (ppmv)) are located close to maxima in
high-altitude clouds. The timing of the STE processes also
roughly corresponds to the high-altitude cloud variations
(Plate 4).

During January-February 1987, an intensive field experi-
ment was conducted to investigaie the STE and dehydration
processes in the western tropical Pacific Ocean and northern

Australia under the Stratosphere-Troposphere Exchange Project
(STEP Tropical) [Russell et al., 1993]. The STEP Tropical
results show the first in situ evidence of the convective scale
cold trap that dries air of tropospheric origin to the prevailing
stratospheric lowest water vapor mixing ratio (<3 ppmv). It
is not surprising then that the winter SAGE Il water vapor
measurements over the western tropical Pacific Ocean and
northern Australia show lowest seasonal mixing ratios (<3
ppmv) (Plate 7), while the 6-year cloud climatology indicates
highest seasonal cloud (SVC) frequencies over the same
geographic areas during the same period (e.g., Plate 4). This
strong negative correlation between cloud occurrence and lower
stratospheric water vapor mixing ratio and its timing over the
western tropical Pacific Ocean and northern Australia provide
satellite observational evidence on the delicate connection
between the high-altiude cloud occurrence and the STE and
dehydration processes important to the dryness of the stratosphere.

One of the most significant STEP Tropical achievements is
on the precise dehydration mechanism that proceeds in the
atmosphere [Russell et al., 1993]. The STEP Tropical results
indicate that the dehydration mechanism operates not only in
the anvils of continental-maritime clouds but also in the anvils
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Plate 8. (a) Difference in cloud occurrence frequency berween the 1987 ENSO period and the mean frequency
from the five non-ENSO years (normalized to the mean) (b) Standard deviation of the cloud frequency derived
from the five individual non-ENSO years (c) Ratio of the absolute frequency difference between the 1987 ENSO
period and the mean frequency from the five non-ENSO years to the standard deviation of the five individual

non-ENSO years.

of tropical cyclones and monsoon mesoscale (maritime)
convective systems [Danielsen, 1993; Russell et al., 1993).
The continental-maritime clouds are featured by deep turret
overshooting and subsequent mixing in the lower stratosphere,
indicating the operation of the dehydration-engine mechanism
suggested by Danielsen [1982a). The tropical cyclone clouds,
on the other hand, involve a smooth large-scale lifting of the
tropopause and the lower stratosphere with the formation of a
large-scale cirrus shield. The development of the distinct
large-scale cirrus cloud shield appears to follow closely the
dehydration mechanism of the stratospheric fountain proposed
by Newell and Gould-Steward [1981); see also Danielsen
[1993]. Although their dehydration potential is weaker than the
continental-maritime and tropical cyclone clouds, maritime
convective clouds exhibit greater potential for mixing air of
tropospheric origin into the lower stratosphere due to the
associated internal gravity waves [Danielsen, 1993]. Finally,

the STEP Tropical observations also indicate rapid evaporation
of small ice crystals that had been lofted into the warm lower
stratosphere and resulting hydration of the local stratosphere
[Kley et al., 1982; Knollenberg et al., 1993; Russell et al.,
1993]. Judging from the SAGE II cloud and water vapor
observations in the tropics (Plates 4 and 7, respectively), the
STE must be associated predominantly with dehydration, not
with hydration.

5.6 ENSO, 1987

The SAGE II observations have been examined for the effect
of the ENSO on tropical cloud occurrences at altitudes of
13.5-15.5 km by Kent et al. [1995a]. Their investigation
indicates higher tropical cloud occurrence during the ENSO
period than in the normal years. In the present investigation,
the variations in cloud occurrence associated with the 1987
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Plate 9. (a) Difference in cloud occurrence frequency between the 1987 ENSO period and the mean frequency
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years to the standard deviation of the five individual non-ENSO years.

ENSO event are examined with a global perspective. The
zonal distributions of the differences in the total cloud fre-
quency (sum of subvisual and opaque cases) between 1987 (an
ENSO year) and the mean of the non-ENSO years (1985, 1986,
1988, 1989, and 1990) normalized to the mean of the non-
ENSO years are drawn in Plate 8a. (This grouping of the
SAGE Il measurements is based on information of the sea
surface temperature anomaly shown in Figure T4 of the
National Oceanic and Atmospheric Administration [1995].)
Several prominent features in the differences are clearly
evident. The enhanced cloud oceurrence in the tropics during
1987 is accompanied generally by reductions in cloud fre-
quency in the subtropics, except at altitudes from 8 to 11 km in
the southern hemisphere. The enhancement in a tropical layer
centered at 3.5 km above the equator is particularly outstand-
ing. A thin layer (1 km thick) of decreasing cloud frequency
located at 4.5 km in the tropics is also apparent. Significant

enhancements in cloud occurrence also take place between
30°N and 60°N during 1987, except in the layer at altitudes
between 3 and 5 km. This layer of decreasing frequency
extends beyond 60°N up to the tropopause. Additional regions
of enhanced cloud occurrence are located between about 20°8
and 40°S. Cloud frequency decreased between 40°S and 60°S
during the 1987 ENSO year. The latitudinally alternating
structure of the enhancement and reduction in cloud frequency
follows the pattern of the large-scale tropospheric circulation to
some extent, implying generally an intensified tropospheric
circulation in the 1987 ENSO year. It has been suggested that
the abnormal global precipitation distributions during ENSO
years are the consequence of altered atmospheric circulation
associated with ENSO events [Lau and Sheu, 1991]. Thus the
concurrent reductions in cloud occurrence in the extratropical
regions during an ENSO event are not surprising. Overall,
there is an increase in tropospheric cloud occurrence, especially
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Plate 10. (a) Difference in cloud occurrence frequency between the 1987 ENSO period and the mean frequency
from the five non-ENSO years (normalized to the mean) at an altitude of 12.5 km (b) Standard deviation of the
cloud frequency derived from the five individual non-ENSO years at an altitude of 12.5 km (c) Ratio of the
absolute frequency difference between the 1987 ENSO period and the mean frequency from the five non-ENSO
years to the standard deviation of the five individual non-ENSO years.

in the tropics during the ENSO years. These results are similar
to Wylie et al. [1994], who showed a significant increase in
global high cloudiness during the 1991-1992 ENSO.

In order to examine the physical significance of the fre-
quency differences between the 1987 ENSO year and the mean
of the five non-ENSO years, the standard deviations of the
cloud occurrence frequency are computed from the five
individual non-ENSO years, as shown in Plate 8b. In general,
high values of the standard deviation are shown at altitudes
below about 4 km, at high latitudes about 50°, and at altitudes
between approximately 9 and 16 km in the tropics. To examine
the significance in the cloud frequency difference between the
1987 ENSO event and the non-ENSO period, the frequency
difference is compared with the standard deviation of the five
non-ENSO years. Plate 8c displays the ratio of the magnitude
of the frequency difference to the standard deviation. The
results indicate that the frequency differences in the subtropics

and northern midlatitudes are significant at the 95% level. The
frequency differences are highly significant at the low and
middle altitudes south of 10°N.

The latitude-longitude distribution of the normalized cloud
frequency difference at altitudes of 7.5 and 12.5 km are
presented in Plates 9a and 10a, respectively. At 7.5 km, large
enhancements in the frequency difference are shown over the
tropical Pacific Ocean, central Chile and Argentina, the central
and northwestern Indian Ocean, southeastern Africa, western
Australia and adjacent oceans, and the northern midlatitude
Atlantic Ocean. Small decreases or no change in cloud
occurrence are observed over much of the remaining areas
during the 1987 ENSO year. The associated distributions of
the standard deviation in cloud frequency during the non-ENSO
years are given in Plate 9b. The most interesting features in
the distribution are the high standard deviations over the
western equatorial Pacific Ocean and Micronesia. Plate 9¢
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shows thet sipnilicam chinges o chwad Mreguency gecurcence
are over the eastern cquatorial Pacilic Ovesn, contral South
America, the eastern United Staees, southwestern Africa. the
iropical and cenwal Tndian Ocean, western Australia and
adjacent woeans, and parr of the northwestern Pacific Cceean.

At 12.5 km, major geographic areas with incressed clinel
aceurrence include the castern equatorial Pacific Oeean, (he
wasrern and northern Atlande COcean, sowcbern Europe, Ruossia,
Kacaklistam, the Drake Passage between Andarctica and South
America, southern Asia, and pan of (e sonthern Indian Ccean
(Platz 10a). Reduced clond frequency in 1987 was found over
most parls ol the extrateopizal Pacific Qoean, northern Mexico
and southrmm Lndled States, e equalocial Atlaote: Ocean, and
northwestern Africa (Platc 10a). The standard deviniions in
clongds frequency for the five non-ENSO vears are displayed in
Pl 10b. High standard deviations are shown in [he eqnato-
rial regions ceorered over Micronesin, the westerm Indian
Croean, cenmral Afriza, nombetn Scuth Amcrica, and the casem
Pacilic Oleean,  Plae W compares the mapmitude of the
difference in cloud occurrences berween the 1987 WSO vear
and the mean of the five n-ERN50 years with the 5-year clood
variahiliry (Plate 10b). The resulis sugpest it the enbamaed
cloud occurrences over the eastern squatorial Pacific Coean,
gastern and western Eurepe, central China, and the southern
Imdian Creean are signaficant at the 95 % level.

In a swdy cof the aimospheric femperanme change relaied o
the CN&0 sea surface ternperamre (S5T) variations, Reid and
(Fage [1993] showed an apparent localized warmning taking
place just below the rupopause over many wapical stanons,
This warming is coapled 10 the lower swatospheric cooling in
a dipole-like fashion. Reld erd Gope sugpested thar the cause
ok tiis purliculat pateern of enperame response is doe o the
cxistence of a large clond sheet.  Presumably, ihis sheet
consists of subvisual cirmus clouds that formed near the
ttopwopause as & resolt of ihe increased convective activity
duvring the: ENSO evane. Hiph-altitede optically thin clonds are
known for being capable of blocking upwellmg inirared
radiatinn, resulting in sigmficane local warming in the wropo-
sphere innediately below and cooling in the fower stratesphere
just ahove o g, Ceor, 19683 Ackerman of of, 1988, Tle
absence of the dipole wmperature variations in some other
tropical stations (s Okely due to the location of these stations in
the descending, branches of the enhanced lanre-scale circulatinn
io e mopics. Eeidf and Oage [1993] alon spegesisd Mol iTie
indueed large-scale meridional circulatton associatad widh the
intensification of the northern hernisphere subtropical jef siream
is probebly the mecharksm bor the obeerved coldest and highest
rropopanse during winter. However, the tropical convective
activity associated with the onset of the Auseralian summcr
wonsoon is also a possibla cause (sze discossinn on the 8TE
and dehvdration in section 5.5).  The forced meridional
circolation iz such that upward moucn oeeurs on the equetor-
ward side of the jet, and downward motion occues on the
polcward swhe.  The sdiabatic coaling induced by the upward
motion in the topical upper troposphere and lower stratosphere
as the jet stream swengthens following the cnset of wimer
winild rajse the tropopause and canse the formatian of large-
scale subvisual clomds,  ‘I'he enhanced winter (ropospheric
Hazdley circulation and subtropical jet steam have boen
reporiel previonzly during ENSO conditions [Pan and Oon,
1083]. Plases 8-10 provide evideoce of the enhanced mean
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circulation during the 1987 ENSO event based on obscrvations
[rom the SAGE I sateliite instrment.

6. Summary and Concluding Remarks

A climaunlogy of cloud necurrence frequency has heen
developed based on e SAGE I observations (nwo 1335 (o
15490, The ithetert MCASULeMeNr characterisncs of the
SAGE I instrument aliow for partioming the observed clouds
min twa cateperies, 1e., SAGE Il measurable clouds and
vpayue (vnmeasursble) clouds. With relerence (o Susyem gl
Cho's [1992] cloud classifications, e 5AGE I measurable
chonds are subwisoal clouds, and the cpagque clouds inglude all
types of climkds except most of the subvisual clonds.

Wih its high verbcal resalubion, U derbved clumaielogy
indicates thar subvisual clouds concentratc gencrally near the
tropopause and that the highest frequency, about T0% and
15,5 km, vecors over Miciovesia, The zonal mean distribu-
nofis of the ccourrence trequency roflect the charagreristics of
cloud activities with deep comvection in the tropics and with
[romlal systems al the wnldle gt lugh latirades, and general
features comsistent with the wopespheric mesn circulaton
{Hadley and Fereel cells) wnd comrespunding seasengl varia-
tions.  In addition. the aldmude-longimde distributions of the
vloud oceurrcnce along the equator reveal a pattern that follows
the squaterial circolation, b (he Walker circulation gver
the Pacific Oeepann, The Lnitude-longiade dismibudons of this
6-vear clowd climatology gxhibit the seasonal expansion and
roigration bebavior of hoth the subvisual and opague clowds.
This climatolagy ol teveuls the inense convectve activitics
during the [ndizn summer monsoon geason even at 17.5-km
altitnde. In general, the results are very consisfent with e
cloud climatolngies derivet rom surlace observanions and
wther salellre megswremnens.

The results from a smdy of e global effect of the 1987
EMS0 oo cloud eccurrence indicale generally enhanced cloued
frequency 1 ihe tropics and o midlatindes and reduecd cloud
lrequency in the subtropics and at high latmdes, implying a
mere intense tropospheric cirenlarion during ENSO years than
0on-EMEO years Bevanse the date period of this teport covers
Just une single ENSO event, further smdics osing data from
additiona! CNSD periods ate needed to confirm the present
findings. Tt should he mentioned that unlike the ENSO evenls
doring 19F2 L1983 and 1991-1992, the atmospherc was
relatively tee from voleenic seroscls during the 1987 ENSC
cvemk, Thercfore changss in the chbond frequency durng the
1987 EMNE0 event cannot he atributed te volcanic activiny.

A shudy of the ssasmel water vapor distibuton at 19,5 km,
bused on SAGE 1! warcr vapar measurements, shows that the
lowest waler vapor mixing ratios (<3 ppmyd are locared
peneraily over the same geagraphic regions as the high SVC
occurrenee i Ui topics.  This result provides aatclliv
obscrvational evidence on the connection between shratosphere-
mapesphere exchange and dehydrafion processes and high-
aldtude eloud oueurmence important 0 the dryness of the
stratusplicre,

In addition to the detection of visible clourds, the capability
oaf the SAGFE 1T insbrunient 1o measure opacally thin clouds
enbaness clowl intermaion needed for radiarive iransfer and
climaie investigadons, A preliminary study indicates thae the
effects of subvisual clomds on solar aod terrestrial cadiation
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were shown te impact the longwave radiation at the | W m™?
level with 1 possible pel warming effect {clond forcing} of
0.5-1 W m™? in the wopics.

The wvertical characterization of clouds i the cxistng
climamlogy fypr:ully fuflows e tdee-level sysiem, namely,
the high-, middle-, and low-lovel clowds [Werdd Mereoralogical
rpanization, 1975).  The developed climatology of this
imvesdigalioe inbenits the high vertical resotution (1 km) of the
SAGE 1l insteument. ‘Uherefore the results derived from the
SAGE 1l selar occultation measuremenls complement the cloud
detectinn using other techriques such as aurface and nadir-
viewing satellite ohservations. The numerical data presented
in this reporl are available b readecs by ftp: fip arhs? fare
nasd. oV, DSCMAmME > aaemymons, pussword > eoler wser LB
as password, fip > od pubiSagedec,

Finally, the SAGE 1l cloud dara have heen compared with
the 1SCCE results by Lica ot af. [199%3a). Alsu, some SAGETT
cloud dara compatison analyses ¢an be found in the report by
Chiow et af. [1990] and in the paper by Wamg & al. [1995h].
Huywever, a detailed comparison study nsing all available cloud
dara sets is sl missing, An investigation of this lype would
he very useful for understanding the current cloud daa scws that
have teen derived foon vanous retmigval algorithms. Tt woald
make the all range of data mere valapble for use in climate
model verification and improvement.
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